Imipramine is the prototypic tricyclic antidepressant utilized in the treatment of major depression and exerts its therapeutic efficacy only after prolonged administration. We report a study of the effects of short-term (2 wk) and long-term (8 wk) administration of imipramine on the expression of central nervous system genes among those thought to be dysregulated in imipramine-responsive major depression. As assessed by in situ hybridization, 8 wk of daily imipramine treatment (5 mg/kg, i.p.) in rats decreased corticotropin-releasing hormone (CRH) mRNA levels by 37% in the paraventricular nucleus (PVN) of the hypothalamus and decreased tyrosine hydroxylase (TH) mRNA levels by 40% in the locus coeruleus (LC). These changes were associated with a 70% increase in mRNA levels of the hippocampal mineralocorticoid receptor (MR, type I) that is thought to play an important role in mediating the negative feedback effects of low levels of steroids on the hypothalamicpituitary-adrenal (HPA) axis. Imipramine also decreased proopiomelanocortin (POMC) mRNA levels by 38% and glucocorticoid receptor (GR, type II) mRNA levels by 51% in the anterior pituitary. With the exception of a 20% decrease in TH mRNA in the LC after 2 wk of imipramine administration, none of these changes in gene expression were evident as a consequence of short-term administration of the drug. In the light of data that major depression is associated with an activation of brain CRH and LC-NE systems, the time-dependent effect of long-term imipramine administration on decreasing the gene expression of CRH in the hypothalamus and TH in the LC may be relevant to the therapeutic efficacy of this agent in depression. (J. Clin. Invest. 1991. 87:831-837).
Introduction
Tricyclic antidepressant drugs are widely used in the treatment of major depression and generally exert their therapeutic efficacy only after 3-5 wk ofdaily administration (1 (Whitfield, H. J., Jr., L. S. Brady, R. J. Fox, P. W. Gold, and M. Herkenham. 1990. chemical and pharmacological effects of tnrcyclic antidepressant administration have been reported, such as inhibition of monoamine reuptake, down-regulation, and desensitization of f3-adrenergic and 5-HT2 receptors, and alterations in a-adrenergic, dopaminergic, and -y-aminobutyric acid receptors (for review, see reference 1). Most of these effects have been observed after [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] d of antidepressant administration, a time period which is shorter than that necessary to achieve full therapeutic efficacy. Hence, it is unclear how these neurochemical and pharmacological effects are related to the time period required to achieve therapeutic efficacy of antidepressant drugs in patients with major depression.
We report a study that compares the effects of short-term (2 wk) and long-term (8 wk) administration of the prototypic tricyclic antidepressant imipramine on central nervous system gene expression in unstressed rats as assessed by in situ hybridization. Because a consistent biological finding in patients with major depression is activation of central corticotropin-releasing hormone (CRH)' (2) (3) (4) and the locus coeruleus-NE system (5, 6), we focused our study on the time-dependent effects of imipramine on the gene expression ofCRH in the paraventricular nucleus (PVN) of the hypothalamus and tyrosine hydroxylase (TH) in the locus coeruleus (LC). Because the mineralocorticoid receptors (MR, type I) and glucocorticoid receptors (GR, type II) in the hippocampus appear to mediate the negative feedback effect of steroids on the hypothalamic-pituitaryadrenal (HPA) axis (7-10), we assessed the time-dependent effects of imipramine on the expression of these genes as well. Finally, to assess the time-dependent effects of steroids on pituitary-adrenal function, we examined the gene expression of pro-opiomelanocortin (POMC) wk. Control animals consisted of rats injected similarly with 0.9% saline and noninjected rats that were handled daily.
Animals were sacrificed between 1000 and 1 100 h, -1 h after the last injection of saline or imipramine. Brains were removed, frozen by immersion in 2-methyl butane at -30°C, and stored at -70°C before sectioning. Frozen sections ( 15 Am thick) were cut coronally through the PVN, dorsal hippocampus, pituitary, and LC. Trunk blood was collected on ice, centrifuged, and frozen at -70°C. ACTH and corticosterone were measured by RIA (ACTH by method of reference 11 and corticosterone using ICN Biochemicals kit, Cleveland, OH), and imipramine and its metabolite, desipramine, were measured by HPLC (12) . The intraassay and interassay coefficients of variance were < 10%.
In Ribonucleotide probes (plasmids generously donated by Jeffrey L. Arriza, The Salk Institute) were directed against bases 81-528 of the rat GR sequence (16) and 513 bases encoding the carboxy-terminal 25 amino acids and a portion of the 3'-untranslated region of the rat MR sequence (17) . Transcription of antisense and sense probes was carried out using the Riboprobe System (Promega Biotech, Madison, WI) in the presence of [a-35S]UTP (sp act 1,000-1,500 Ci/mmol, New England Nuclear).
In situ hybridization histochemistry was performed as previously described (18, 19) . Briefly, sections were incubated overnight at 37°C
with 5 x I05 cpm of labeled CRH, POMC, orTH probe, washed in four 1 5-min rinses of 2x SSC (lx SSC is 0.15 M sodium chloride, 0.015 M sodium citrate, pH 7.2) containing 50% formamide at 40°C, two 30-min rinses of IX SSC at 25°C, briefly rinsed in distilled water, 70% ethanol, and dried. Sections were incubated overnight at 53°C with 5 X 10' cpm of labeled MR or GR probe, treated with RNase A (20 Ag/ml, Boehringer-Mannheim Biochemicals) for 30 min at 25°C, washed sequentially for 60 min in 2x SSC at 50°C, 60 min in 0.2x SSC at 55°C, and 60 min in 0.2x SSC at 60°C, briefly rinsed in a graded series of ethanol containing 0.3 M ammonium acetate, and dried. Hybridization of adjacent sections with labeled MR or GR sense probes produced a uniform, low signal which was barely visible on film (19) .
Slides and 35S-impregnated brain paste standards of known radioactivity and wet weight were placed in x-ray cassettes, apposed to film (Hyperfilm-,BMax, Amersham Corp., Arlington Heights, IL) for 1-7 d (4 wk for MR in the pituitary; 6 wk for MR in the PVN) and developed (Dl 9, Kodak) for 5 min at 20°C. To determine anatomical localization of probe at the cellular level, sections were dipped in NTB-2 nuclear emulsion (Eastman Kodak Co., Rochester, NY) as described previously (20, 21) , exposed for 1-9 d, developed (Dl9, Eastman Kodak Co.) for 2 min at 16°C, and counterstained with cresyl violet.
Data analysis. Autoradiographic film images of brain sections and 35S-standards were digitized on a Macintosh II computer-based image analysis system with IMAGE software (Wayne Rasband, Research Services Branch, National Institute of Mental Health). Light transmittance of probe hybridized in each brain region was measured by outlining the structure with the mouse cursor. A calibration curve was constructed using the transmittance values of 35S-brain paste standards containing known amounts of radioactivity. Transmittance measurements for each probe were made on two consecutive sections per rat and were converted to disintegrations per minute per milligram wet weight of tissue using the calibration curve. The average value for each of six animals per experimental or control group was used to calculate group means (n = 6). The relative amount of probe hybridized in each brain region of the imipramine-treated animals is expressed as a percentage of the respective 2-wk or 8-wk saline-injected control groups. Statistical significance between control and experimental groups was determined by one-way analysis of variance and unpaired, two-tailed t test. No statistical difference was found in the amount of various probes hybridized in each brain region or in the plasma ACTH and corticosterone values between saline-injected and noninjected control rats.
Results
Effects of daily imipramine on TH mRNA levels in the LC. After 2 wk of chronic imipramine administration (5 mg/kg, i.p.) TH gene expression was decreased by 20% in the LC (Table I, Fig. 1) . No other changes in brain mRNA levels were evident after 2 wk. TH mRNA levels were decreased by an additional 20% after 8 wk of drug.
Effects ofdaily imipramine on MR and GR mRNA levels in the hippocampus. After 8 wk ofchronic imipramine administration MR but not GR gene expression was selectively altered in the dorsal hippocampus (Table I) . Levels of MR mRNA were increased a similar amount in the four CA fields and the dentate gyrus in imipramine-treated animals relative to control. Fig. 2 shows autoradiographic labeling of MR mRNA within neurons in the hippocampal CAl region in 8-wk treated and control animals. MR expression was not altered in other brain regions (Table I ).
Effects ofdaily imipramine on CRH, GR, and MR mRNA levels in the PVN of the hypothalamus. Chronic imipramine administration decreased gene expression of CRH but not that of GR or MR in the PVN (Table I) . CRH mRNA levels were reduced by 37% in the parvocellular region ofthe PVN (Fig. 3) . This change was seen only after 8 wk of chronic imipramine.
Effects ofdaily imipramine on POMC, GR, andMR mRNA levels in the pituitary. Gene expression of POMC and GR was reduced in the anterior lobe ofthe pituitary after 8 wk ofimipramine administration (Table I , Fig. 4 ). POMC mRNA levels were decreased by 37% in corticotroph cells in the anterior lobe but were not altered in the intermediate lobe (Fig. 4, A and B) . GR mRNA levels were decreased in both the anterior and intermediate lobes of the pituitary (Fig. 4, C and D) . The reduction in gene expression of GR was greater than that of POMC. Gene expression of MR was not altered after 2 or 8 wk of imipramine in either the anterior or intermediate lobes of the pituitary (Table I) . Effects of daily imipramine on plasma drug and hormone levels, body weight, and adrenal gland weight. The decrease in mRNA levels of CRH in the PVN and POMC in the anterior pituitary ofanimals treated with imipramine for 8 wk was associated with a 30% reduction in plasma ACTH, normal corticosterone levels (Table II) , and a 17% increase in the wet weight of the adrenal glands (20.2±1.9 mg, P < 0.01, relative to control 17.2±1.5 mg). Plasma levels of imipramine did not differ after 2 or 8 wk of drug administration, whereas desipramine levels were increased threefold at the 8-wk time point. After 8 wk of imipramine treatment plasma drug levels (200 ng/ml, imipramine plus desipramine) were within the range of clinically-effective concentrations (22) . Body weight was not significantly affected by 8 wk ofdaily imipramine administration (Table II) .
To determine ifthe effects ofchronic imipramine were dose related, the drug was administered for 2 wk at a higher dose of 20 mg/kg. Plasma imipramine levels were 3.5-fold greater and desipramine levels were 12.5-fold greater than those measured in rats given the 5 mg/kg dose for 2 wk. Plasma ACTH was decreased by 37% in rats given 20 mg/kg of imipramine for 2 wk. No changes were seen in mRNA levels of TH, CRH, POMC, MR, or GR in the brain regions listed in Table I .
Discussion
Long-term imipramine administration decreased the gene expression of CRH in the PVN and TH in the LC. In addition, long-term imipramine treatment increased the gene expression of MR but not GR in the hippocampus and decreased the expression of POMC and GR in the anterior pituitary. The imipramine-induced decrease in CRH mRNA levels in the PVN and POMC mRNA levels in the anterior pituitary were associated with physiological changes consisting of decreased plasma pituitary ACTH secretion, normal plasma corticosterone levels, and increases in the weight of the adrenal glands. With the exception of a small decrease in TH expression in the LC after 2 wk ofdrug, these imipramine-induced changes were entirely time dependent, and did not occur with the short-term daily administration of imipramine.
Changes in mRNA levels induced by imipramine may result in altered peptide content or receptor number in specific brain regions. The imipramine-induced decreases in mRNA levels of CRH in the PVN and POMC in the anterior pituitary parallel the decrease in plasma levels of ACTH. These results are consistent with a reduction in secretory activity of CRH neurons in the PVN and corticotrope cells in the pituitary.
We cannot definitively account for the mechanism of the '11 .W ' S s : . : . imipramine-induced decrease in CRH gene expression in the PVN. However, MR and GR in the hippocampus appear to mediate the negative feedback effects of steroids on the HPA axis. In the hippocampus, MR has a high affinity for corticosterone and appears to mediate the negative feedback effects of the low levels of corticosterone on the basal circadian rhythm of pituitary-adrenal secretion, whereas GR has a lower affinity for glucocorticoids and appears to regulate the secretion of CRH and ACTH associated with stress (9, 10, 17, 23 the PVN (25) . NE is a potent stimulus of hypothalamic CRH release (25) (26) (27) (28) . Because tricyclic antidepressants decrease the firing rate of LC neurons, the imipramine-induced decrease in TH gene expression may be involved in mediating the decrease in CRH gene expression. Finally, we cannot rule out the influence ofa direct effect of imipramine on adrenal responsiveness, as evidenced by an imipramine-induced increase in adrenal weight, as a factor contributing to the decrease in message levels ofCRH in the PVN, and POMC and GR in the anterior pituitary. Increased adrenal weight and responsiveness to ACTH suggests that for a given basal level of corticosterone, less CRH and ACTH would be required to promote corticosterone secretion from hyperplastic adrenal glands. Our finding of a reduction in plasma ACTH levels in the context of normal basal corticosterone levels is compatible with the formulation.
The most consistent finding in biological psychiatry is that patients with major melancholic depression show a concomitant and at times profound activation of brain CRH and LC-NE systems that resolve with successful administration oftricyclic antidepressants administered over a prolonged period of time. In fact, tricyclic antidepressants are particularly effective in treating depressions associated with significant hypercortisolism (6) . In the present paper, we have shown that long-term but not short-term imipramine administration to unstressed, eucortisolemic rats decreases the gene expression of CRH in the PVN and TH in the LC, and we suggest that such effects may be relevant to the therapeutic efficacy of imipramine in Values are the mean and SD (n = 6). Initial body weights were 310±25 g for the control group, 311±26 g for the 2-wk imipraminetreated group and 314±33 g for the 8-wk imipramine-treated group. Body weight of the control group is measured at 8 wk. * P < 0.01 relative to the respective 2-wk or 8-wk saline-injected control; t P < 0.05 relative to the 2-wk experimental group.
major depression. Future studies on the effects of long-term administration of other classes of antidepressants will provide support for the generality of these findings.
